Van der Waals (vdW) heterostructures, in which different two-dimensional (2D) materials are superimposed in a stacked configuration, represent a versatile experimental platform to study fundamental properties for device physics and materials science[@b1][@b2][@b3]. Based on these mechanically assembled stacks, atomically thin novel devices have been demonstrated, such as (tunnelling) transistors[@b4], p-n and tunnelling diodes[@b5][@b6], photovoltaic elements[@b7] and light emitting diodes (LED)[@b8].

From a more fundamental point of view, the mutual interaction between vertically-stacked 2D materials generates electronic properties that are different from those of the isolated materials, as experimentally demonstrated for graphene on boron nitride[@b9][@b10][@b11][@b12][@b13]. In the latter case, a Moiré pattern develops due to the lattice mismatch between the two materials[@b14], resulting in a periodic potential (superlattice) with hexagonal geometry capable of modifying profoundly the band structure of graphene. Similarly, other geometries of periodic potentials are predicted to affect the electronic properties of graphene in different ways. For example, a one-dimensional (1D) Kronig--Penney periodic potential with nanoscale periodicity is predicted to create an anisotropic propagation of charge carriers along the different directions of the potential[@b15]. Hitherto, 1D graphene superlattices that could be pre-programmed with atomic precision have not been demonstrated.

In this context, the use of molecules offers two attractive features. First, organic molecules can prompt doping effects in 2D materials[@b16][@b17][@b18][@b19], causing local modifications of their surface potential[@b20][@b21][@b22]. Second, these molecules form ordered 2D crystalline structures when physisorbed on graphene and other 2D materials[@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34][@b35]. Given the immense opportunities offered by hybrid organic--inorganic vdW heterostructures in modifying the fundamental electronic properties of the pristine materials, the field is still widely unexplored[@b3]. There are only a few reports connecting doping effects with the specific position of functional groups[@b26][@b36][@b37][@b38][@b39], and combining molecules and 2D materials for the technological need of forming p--n junctions[@b40][@b41].

In this work, we demonstrate that a tunable periodic potential with 1D geometry on graphene can be realized at ambient conditions in a hybrid vdW heterostructure composed of a 2D supramolecular lattice (SL) self-assembled on graphene, with single domains extending over areas exceeding 250 × 250 nm^2^. The amplitude of the periodic potential is mediated by the specific interaction between graphene and molecular dipoles, while the nanoscale periodicity is determined by the geometry of the self-assembly. In particular, by using a photoreactive organic molecule, we show how a subtle photo-induced change in the chemical structure of the starting molecule leads to a different amplitude of the potential, while leaving the periodicity unaltered.

Results
=======

Molecular approach to the formation of periodic potentials
----------------------------------------------------------

The analogy between hybrid and fully inorganic vdW heterostructures goes beyond their layered nature; in analogy to stacks of inorganic 2D materials, vdW forces drive the interaction between graphene and the self-assembled molecular layer, and similar inter-layer interactions can be envisaged. However, the paradigm leading to the formation of such heterostructure is substantially different. While in inorganic vdW heterostructures the different monolayers are mechanically superimposed with an empirical (optical) alignment[@b42], in the molecular case a careful choice of the molecular unit allows the spontaneous creation of self-assembled and ordered layers with predictable geometry and atomic precision. Hence, single molecules can be regarded as molecular building blocks (MBBs) that determine both geometry and functionality of the SL.

Our approach is schematically illustrated in [Fig. 1a](#f1){ref-type="fig"}. We design an MBB composed of a head, bearing a light-reactive moiety, and a tail, consisting of a long aliphatic chain. This linear tail drives the molecular self-assembly[@b43][@b44] and acts as a spacer between adjacent functional heads, forming a lamellar assembly which determines the 1D periodicity of the potential (see [Fig. 1a](#f1){ref-type="fig"}). Electric fields generated by molecular dipoles within the functional heads are responsible for the modulation of the surface potential of graphene, introducing an electric-field effect analogous to that of a constant external gate, and ultimately determining the amplitude and sign of the periodic potentials. Moreover, the functional headgroup of the photoreactive MBB can be modified before deposition on graphene by simple irradiation in different solvents, yielding new MBBs. Specifically, we used 3-trifluoromethyl-3-(3-octadecyloxyphenyl)diazirine (MBB-1), shown in [Fig. 1b](#f1){ref-type="fig"}, as photoreactive MBB. The diazirine headgroup consists of a carbon bound to two nitrogen atoms, and was selected because it can undergo photolysis very efficiently, forming a reactive carbene and nitrogen gas under irradiation with ultraviolet light ([Fig. 1b](#f1){ref-type="fig"})[@b45]. If irradiated in chloroform, the *in situ* generated carbene binds to the solvent molecules in its proximity, generating modified MBBs in a mixture which we call MBB-2. As detailed in the [Supplementary Figs 1--3](#S1){ref-type="supplementary-material"}, we found that the main reaction product in the mixture has the structure shown in [Fig. 1b](#f1){ref-type="fig"}, in which a Cl atom substitutes the diazirine moiety. This evidence is further corroborated by a joint optical and electrical characterization (see [Supplementary Fig. 4](#S1){ref-type="supplementary-material"}) performed on *ad hoc* synthesized molecules (called P-1 and P-2). Absorption spectra allow to follow the change in the molecular head of MBB-1, as shown in [Fig. 1c](#f1){ref-type="fig"}. After 30 min of irradiation at *λ*=365 nm (areal power density 1.7 mW cm^−2^), the characteristic absorption at *λ*=365 nm of MBB-1 disappears, revealing that MBB-1 was efficiently photolyzed.

Nanoscale characterization of the supramolecular lattices
---------------------------------------------------------

The periodicity and geometry of the SL-induced potential are determined by the nanoscale molecular arrangement which is investigated through scanning tunneling microscope (STM) imaging. We performed STM imaging in ambient conditions on dry SLs, formed by simply spin-coating a solution of either MBB-1 or MBB-2 (as displayed in [Fig. 2a--c](#f2){ref-type="fig"} or 2d--f, respectively). In view of its atomic flatness over hundreds-of-micrometer-sized terraces, the SL can be mapped with increased spatial resolution on highly ordered pyrolitic graphite (HOPG) substrates ([Fig. 2a,b,d,e](#f2){ref-type="fig"}), yet its motif is identical to that obtained when using graphene grown by chemical vapour deposition (CVD) supported on SiO~2~ as substrate ([Fig. 2c,f](#f2){ref-type="fig"}).

The self-assembly is driven by the interplay of molecule--substrate and molecule--molecule interactions; in particular vdW interactions occur between the different alkyl chains, which adsorb flat on graphite/graphene, generating well-defined, crystalline lamellar architectures.

In the case of MBB-1, the functional heads lie close to each other, with the alkyl chains forming an interdigitated structure, exhibiting a unit cell where *a=*(3.8±0.1) nm, *b*=(0.9±0.1)  nm and *α*=(84±2)° therefore leading to an area *A*=(3.4±0.1) nm^2^, with each unit cell containing two molecules ([Fig. 2a](#f2){ref-type="fig"}). Similar SL structures are also observed for MBB-2 ([Fig. 2d](#f2){ref-type="fig"}). Again, the alkyl chains lie flat on the surface by aligning in interdigitated crystalline structures with a similar unit cell where *a*=(3.8±0.2) nm, *b*=(0.9±0.1) nm, *α*=(84±2)° giving rise to an area *A*=(3.5±0.2) nm^2^. The nearly identical unit cells are justified if one considers that on ultraviolet irradiation only a few atoms in the molecular head are replaced. Instead, the long alkyl chains are unaltered in both cases. Hence, MBB-1 and MBB-2 form SLs that possess the same lattice parameters but differ in the head groups, resulting in different electronic interactions with graphene.

For both MBB-1 and MBB-2, crystalline domains with different orientations of the lamellae may form on the graphene surface. This evidence reflects the three-fold symmetry of the substrate and may give rise to misorientation in the direction of the 1D potential. Therefore the size of single-crystalline domains is a key parameter for the relevance of this study on the device physics. To gain detailed insight into this issue, we recorded survey STM images mapping the surface over a scale of a few hundred nanometres. [Figure 2b,e](#f2){ref-type="fig"} show large-area STM images of MBB-1 and MBB-2, respectively. In both cases, an ordered array of lamellae with only one orientation extends over the whole image. Domains with different orientations could be observed in other large-area STM images. After careful analysis of 15 large-area STM images for each MBB, we can conclude that the typical single-domain size is ∼300 nm × 300 nm, as shown in [Supplementary Fig. 5](#S1){ref-type="supplementary-material"} and in [Supplementary Table 1](#S1){ref-type="supplementary-material"}. Compared with the length scale relevant for the charge transport in graphene, these single domains are typically two orders of magnitude larger than the typical size of the potential puddles that are responsible for limiting the mobility at the graphene/SiO~2~ interfaces[@b46]. Moreover, such area is still suitable for nano-fabrication and optical/spectral inspection of the physical properties generated by the presence of the SLs. The assembly of MBB-1 and MBB-2 was investigated also on CVD graphene on SiO~2~ to consider a situation closer to that of the actual devices, as shown in the [Fig. 2c,f](#f2){ref-type="fig"}. In this case, the image resolution is lower, due to the intrinsic roughness of the underlying SiO~2~ substrate. However, even on CVD graphene, it is possible to clearly observe the existence of ordered lamellar structures whose size is in good agreement with that monitored on HOPG. This finding confirms that the MBBs assemble in the same way on both HOPG and graphene/SiO~2~. Large-size STM images show that the crystalline order is maintained over wide areas even on CVD graphene on SiO~2~, as displayed in the [Supplementary Fig. 5](#S1){ref-type="supplementary-material"} for MBB-2. We stress that the STM images in [Fig. 2](#f2){ref-type="fig"} were measured in air at room temperature and that crystalline domain size and orientation were found to be unchanged even after several hours of continuous acquisition. Moreover, STM images revealed that the unit cell of the molecular assemblies recorded within a few minutes after the SL formation would be identical (within experimental error) to those recorded a few days later. Indeed, the formation of a tight molecular packing along with the strong interaction with graphene promoted by the long alkyl chains would hinder molecular diffusion and thus stabilize the assembly.

Electrical characterization of devices
--------------------------------------

To determine whether the molecules are effectively introducing a potential, we study the doping caused by the different SLs on graphene-based field-effect devices (see the 'Methods\' section for details on the device fabrication). The devices were measured before and after the formation of the MBB-1 and MBB-2 SLs, to evaluate their effect on the electrical characteristics of graphene. The measurements were reproduced on three different devices for each MBB, and the results were in qualitative and quantitative agreement (see the 'Methods\' section for details). Representative dependence of the drain current *I*~DS~ on the gate voltage *V*~GS~ is displayed in [Fig. 3](#f3){ref-type="fig"}. In the case of MBB-1 ([Fig. 3a](#f3){ref-type="fig"}), the charge neutrality point was not shifted significantly by the presence of the SL, indicating minor doping effects. Interestingly, the hole mobility increased after the formation of the SL (from 2,200 to 2,650 cm^2^ V^−1^ s^−1^ for the device in [Fig. 3a](#f3){ref-type="fig"}). The increase in mobility was directly related to the presence of the SL, since the initial electrical characteristics of the clean graphene were recovered after the molecules were washed away by rinsing the sample with CHCl~3~, and the mobility decreased to its initial value (see the [Fig. 3a](#f3){ref-type="fig"}).

In the case of MBB-2, after the formation of the SL the charge neutrality point was shifted towards positive voltages (Δ*V*\>25 V), as shown in [Fig. 3b](#f3){ref-type="fig"}. This effect corresponds to hole accumulation in the graphene channel, with an induced charge density of Δ*p*\>5 × 10^12^ cm^−2^, according to the widely used parallel-plane capacitor model[@b36]. The electrical characterization provides unambiguous evidence that the effect of the MBB-2 SL--averaged over several randomly oriented domains--is analogous to that of a (fixed) top gate. Moreover, the electrical characterization demonstrates that the doping effect is solely determined by the head group, which is the only part of the MBB modified by the ultraviolet irradiation.

Generally, our devices possess a channel length of a few micrometres that is wider than the typical size of a single domain. As a consequence, our measurements probe not a single but rather a few domains with different random orientations, which impedes measuring the anisotropy in electrical conductance possibly induced by the SL. However, the information extracted by the electrical characterization provides very useful insight on effects, averaged over several randomly oriented domains, associated with the formation of the hybrid vdW heterostructure. While the STM nanoscale characterization provides information about the geometry and periodicity of the potential, the information extracted through device characterization is related to the amplitude of the periodic potential. The demonstration of anisotropy in the conductance of graphene would require a miniaturization of devices that is beyond the scope of this work. To better quantify the effects on the nanoscale electrical properties in presence of the SL, we have performed conductive atomic force microscopy (C-AFM) measurements on a contacted graphene flake, acting as the device active layer, before and after formation of a MBB-1-SL. After formation of the SL, some inhomogeneities in the conductance are introduced with a length scale of a few hundred nanometres, which is the typical size of the single domains imaged by STM. Although the lamellas cannot be visualized by C-AFM, this finding supports the presence of anisotropic conductance within graphene covered by a single-domain SL, as detailed in [Supplementary Fig. 6](#S1){ref-type="supplementary-material"}.

Nanoscale origin of the doping effect
-------------------------------------

To gain more insight into the origin of the doping effects, the interactions of the molecular assembly with graphene were elucidated through molecular mechanics/molecular dynamics (MM/MD) simulations. For the case of MBB-2, we assumed that all the molecules at the surface possess the structure shown in [Fig. 1b](#f1){ref-type="fig"}, following the findings described in [Supplementary Figs 1--4](#S1){ref-type="supplementary-material"}. For both the assembly of MBB-1 and MBB-2, (MM/MD) simulations show that the alkyl chains are interdigitated and the carbon backbones are lying parallel to the graphene surface. The lattice parameters of the calculated unit cell in both cases, that is MBB-1 and MBB-2, are the same, in agreement with the experimental data (see [Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). From a closer look at the functional head groups of the calculated assemblies, a major difference appears between the positioning of the molecular head in MBB-1 versus MBB-2 (see [Fig. 3c,d](#f3){ref-type="fig"}). In the former, the diazirine moiety is lying flat on graphene, so that the CF~3~ group is pointing parallel to graphene, whereas the axis of the N=N double bond is normal to the graphene plane ([Fig. 3c](#f3){ref-type="fig"}). Conversely, the CF~3~ unit of MBB-2 is pointing in the *z*-direction normal to the graphene surface ([Fig. 3d](#f3){ref-type="fig"}). Interestingly, such a difference in the orientation of the functional head groups has very limited impact on the overall organization of the molecular adlayer assembly, but it drastically affects the intrinsic dipole moment of the SLs in the *z*-direction. Indeed, in the MBB-1 case the molecules are almost parallel to the graphene surface, so that a small net dipole moment per molecule is expected perpendicular to the surface ([Fig. 3c](#f3){ref-type="fig"}). Instead, in the MBB-2 case, a larger vertical dipole arises from the CF~3~ groups, which are found to be almost perpendicular to the graphene layer ([Fig. 3d](#f3){ref-type="fig"}). Based on this observation, one can qualitatively understand the p-type doping measured in graphene with the MBB-2 adlayer. The electric-field generated by the vertical dipoles acts as a top gate and increases the work function of graphene, effectively inducing p-type doping. At a more quantitative level, density functional theory (DFT) calculations made it possible to estimate the doping induced by the two SLs on the basis of their calculated arrangement, as detailed in [Supplementary Methods](#S1){ref-type="supplementary-material"} and [Supplementary Figs 8--11](#S1){ref-type="supplementary-material"}. More specifically, molecular doping of graphene is usually sourced by two effects[@b17][@b47], namely charge transfer from the molecules, and the presence of molecular dipoles exerting a local gating. DFT calculations allow to disentangle these two contributions for each SL and demonstrate that the charge transfer contribution is almost identical in both cases. Instead, in the case of MBB-1 the calculated vertical molecular dipole is rather low (*μ*~*z*~=−0.17 D mol^−1^), while in the case of MBB-2 it is significantly higher (*μ*~*z*~=−0.82 D mol^−1^). The doping effect in the MBB-2 case, therefore, results from the higher vertical dipole moment of the SLs, as expected from the geometry of the assembly. By accounting for molecular motion at room temperature from MD simulations, we predict a negligible and a significant work function shift for MBB-1 and MBB-2, respectively, as experimentally verified by photoemission spectroscopy in air (see [Supplementary Fig. 12](#S1){ref-type="supplementary-material"}). The work function shift is accompanied by an induced p-type doping for MBB-2 (on the order of Δ*p*=5 × 10^12^ cm^−2^) and a minor p-type doping for MBB-1 (Δ*p*\<5 × 10^11^ cm^−2^), in excellent agreement with the device experiments. Moreover, our theoretical analysis confirms that the origin of the measured effects can be entirely ascribed to the geometry of the head groups, while the assembly of the alkyl chains, similar for MBB-1 and MBB-2, is not a source of doping.

Spatially resolved electrostatic potential
------------------------------------------

Proceeding with the analysis, the spatially resolved electrostatic potential at the graphene/molecule interface was calculated by means of classical microelectrostatic calculations (see [Supplementary Methods](#S1){ref-type="supplementary-material"} for details).

In [Fig. 4a,b](#f4){ref-type="fig"} we show the differential potential *V* (*z*=8 Å)--*V* (*z=*0 Å) for both MBB-1 and MBB-2, where *V* (*z*=8 Å) is the potential calculated on the parallel plane just above the SLs, and *V* (*z*=0 Å) is the potential at the graphene surface. Such differential potential probes the dipolar field associated with the out-of-plane component of the molecular dipoles and has an effect similar to that of a fixed externally applied gate voltage. In both assemblies, such induced gating potential is characterized by a 1D-modulation, with higher negative values localized at the molecular heads separated by inert alkyl chains. The amplitude of the induced gating effect increases by a factor of 4 from MBB-1 to MBB-2, as expected on the basis of the different vertical dipoles. Note that image charge and depolarization effects associated with intermolecular interactions have been estimated using DFT electronic structure calculations implementing periodic boundary conditions. These were found to reduce the electric dipole per molecule by ∼30% for MMB-1 and 20% for MBB-2. Thus, image effects are found to be fairly limited in our case and the graphene layer acts primarily as a template breaking up symmetry in picking selected dipolar conformations for the MBBs at the surface, which then translates into the observed electrostatic potential shown in [Fig. 4](#f4){ref-type="fig"}.

This different amplitude induced by the MBB-1 and MBB-2 SL demonstrates the ability of introducing significant variations in the SL-induced periodic grating with a subtle light-induced change in the molecular structure. In both cases, the in-plane distribution of the potential can be considered as a nanoscopic experimental realization of a Kronig--Penney potential. We highlight that not only its geometry, but also its amplitude is within the same order of magnitude of that considered in the initial prediction of anisotropic behaviour of charge carriers in graphene superlattices[@b15].

Modification of the periodic potential
--------------------------------------

Finally, we show that periodic potentials with the same geometry but different intensity can be achieved by preparing SLs of MBB-1 after ultraviolet irradiation in different solvents. To prove further this concept, we present here a detailed nanoscale and electrical characterization of MBB-1 after ultraviolet irradiation in diethylamine, which results in a mixture hereafter referred to as MBB-3. The assembly of MBB-3 is shown in [Fig. 5a,b](#f5){ref-type="fig"} on HOPG and CVD graphene, respectively. Similarly to MBB-1 and MBB-2, MBB-3 self-assembles forming ordered lamellae in which the functional heads lie close to each other, with the alkyl chains forming an interdigitated structure. The unit cell parameters were *a=*(3.8±0.2) nm, *b*=(0.9±0.1) nm and *α*=(84±2)° which lead to an area *A*=(3.5±0.2) nm^2^, analogous to that of MBB-1 and MBB-2. Again, the atoms incorporated through photolysis do not perturb the assembly at the nanoscale, which is determined and imposed by the alkyl chains. Instead, the intensity of the induced potential is determined by the interaction with the head groups. The overall effect can be measured in a three-terminal device, by covering a graphene device with a MBB-3 SL. In this case ([Fig. 5c](#f5){ref-type="fig"}), the charge neutrality point shifts towards negative values, corresponding to electron accumulation (n-doping) in the graphene channel. A shift in the charge neutrality point Δ*V*=−11 V corresponds to an induced electron density Δ*n*=2.6 × 10^12^ cm^−2^. Even in this case, the electrical properties of the clean graphene are recovered when the molecules are washed away from the graphene surface with a simple rinsing step in chloroform.

Interestingly, the effect on the *I*~DS~−*V*~GS~ traces of graphene is opposite to that of MBB-2. Since the induced periodic potential is primarily determined by the orientation of local molecular dipoles, one is thus led to conclude that the sign of such a potential for MBB-3 is opposite to that of MBB-2.

Discussion
==========

The concept that interplanar interactions are capable of modifying fundamental electronic properties of pristine materials lies at the heart of the research field of vdW heterostructures. In this context, the possibility of introducing tunable 1D potentials through organic SLs is particularly appealing. For instance, one could combine graphene covered by a SL with other inorganic 2D materials to fabricate more complex multi-layered hybrid vdW heterostructures. In such systems, an ordered lamellar assembly modifying the momentum dispersion of graphene would induce anisotropy not only on the in-plane (graphene) but also on the inter-layer charge transport, for which momentum conservation plays an important role[@b48]. Moreover, a fully anisotropic heterostructure might be obtained by combining our SL-covered graphene with other 2D materials intrinsically possessing 1D anisotropy (such as ReS~2~ (ref. [@b49]) and black phosphorus[@b50]) to demonstrate novel device architectures actively exploiting charge transport along a preferential direction. Finally, we point out that bottom--up supramolecular approaches for the realization of periodic potentials is not limited to graphene, since analogous molecules form ordered 1D assemblies also on the surface of other 2D materials[@b51], widening the horizons of the present study. For instance, a SL similar to those described in this study assembled on semiconducting transition metal dichalcogenides (such as WSe~2~ and MoS~2~) might introduce a 1D periodic potential capable of locally varying the position of the Fermi level, resulting in alternating hole- or electron- rich regions. In this way, one would obtain a series of consecutive nanoscale p--n junctions with distinctive charge transport properties and optical response.

In conclusion, our study shows that organic SLs represent an ideal system for generating periodic potentials whose periodicity, amplitude and sign can be pre-programmed by careful molecular design. In particular, here we have shown that a periodic potential with 1D geometry can be generated at the graphene surface and manipulated by making use of molecular photo-reactivity. In perspective, a 1D potential will offer the opportunity to introduce anisotropy in otherwise isotropic materials, hence paving the way for design and implementation of novel functional vdW heterostructures, for example, for 1D charge transport. The control over periodic potentials can hardly be achieved in vdW heterostructures based solely on inorganic 2D materials, while their combination with SLs allows expanding substantially the 2D material library. Chemistry can offer an almost unlimited choice of SL that can form hybrid vdW heterostructures with controllable structural and electronic properties, exerting periodic potentials with tunable amplitude and periodicity. In perspective, a great deal of novel electrical, magnetic, piezoelectric and optical functionalities arising from such hybrid vdW heterostructures are expected by taking full advantage of the infinite degrees of freedom offered by the design of the MBBs.

Methods
=======

Sample preparation
------------------

Full details regarding the characterization and synthesis of the MBBs are given in [Supplementary Figs 13--19](#S1){ref-type="supplementary-material"} and in [Supplementary Note 1](#S1){ref-type="supplementary-material"}.

Ultraviolet--visible spectroscopy
---------------------------------

Absorption spectra were recorded at room temperature (∼25 °C) with a JASCO V-670 spectrophotometer and all solutions were examined in quartz cells with 2-mm pathlength (HELLMA) with a concentration of 2.2 × 10^--3^ M. Photochemical reaction of MBB-1 was performed in air-equilibrated CHCl~3~ (Uvasol Merck-Millipore) or in degassed diethyalmine (Sigma-Aldrich) by using an Ultraviolet lamp (UV-6 L/M Herolab) with *λ*~irr~=365 (±5) nm and a power density=1.7 mW cm^−2^.

Device fabrication and characterization
---------------------------------------

Back gated devices were fabricated on Si/SiO~2~ (90 nm) substrates with a Microtech laser writer, exposing with a *λ*=405 nm laser a standard photoresist (AZ1505, Microchemicals). Gold (without adhesion layer) was thermally evaporated onto the patterned photoresist and lift-off was carried out in warm acetone (40 °C). After fabrication, the devices were immersed in warm NMP (40 °C) overnight, rinsed with chloroform, acetone and isopropanol. The devices were kept in a nitrogen-filled glove box in which they could be measured in a probe station connected to a Keithley 2636. By employing this procedure, the graphene device showed almost-ideal, symmetric and stable current--voltage *I*~DS~−*V*~GS~ characteristics, with the charge neutrality point close to a gate voltage *V*~GS~=0 V, and hole mobility reproducibly above 1,800 cm^2^ V^−1^ s^−1^. The carrier mobility was determined by the conventional parallel-plane capacitor model:

where *L* and *W* are the graphene channel length and width, *t* is the thickness of gate oxide, *ɛ*~r~ is the relative dielectric permittivity of SiO~2~. The mobility was extracted at the carrier concentration value of \|*n*\|=1 × 10^12^ cm^−2^, by measuring d*I*~DS~/d*V*~GS~ at 4.5 V away from the charge neutrality point. In all the electrical measurements, the potential applied between the graphene electrodes was *V*=10 mV. The reproducibility of the effect of each SL on the electrical characteristics of devices was tested by repeating the measurement on three different devices for each MBB. For every test, a fresh solution of MBB was employed. The doping effect is reproducible: MBB-1 was found to induce small p-type doping (Δ*V*\<5 V in the three tested devices); MBB-2 significantly higher p-type doping (Δ*V*\>25 V in the three tested devices); and MBB-3 n-type doping (Δ*V* in the range between −7 and −12 V in the three tested devices). Moreover, the experiments were repeated several times on the same device, by washing the MBBs away and re-forming the SL. In the cases of MBB-1 and MBB-3, the increase in mobility after the formation of the SL was also found in the three tested devices.

Supramolecular lattice formation
--------------------------------

To form the SLs, molecules were spin-coated onto either HOPG or CVD graphene on SiO~2~ and onto devices from chloroform solutions (1 mg ml^−1^). For the sake of consistency, the solutions were spin-coated onto the graphene devices by employing the same parameters used for the STM imaging. In the case of irradiation in diethylamine, the molecules were dried after irradiation and re-solubilized in chloroform before spin-coating. In the case of devices, the solution were spin-coated *in situ* in the nitrogen-filled glovebox. The SLs could be washed away by rinsing the substrates or the devices with CHCl~3~.

Scanning tunneling microscopy
-----------------------------

STM measurements were carried out by using a Veeco scanning tunneling microscope (multimode Nanoscope III, Veeco) operating with an A piezoelectric scanner which allowed the mapping of a maximum area of 1 μm × 1 μm. As substrates, we used highly oriented pyrolytic graphite and commercial CVD graphene supported on Si/SiO~2~ (300 nm) purchased from Graphenea. The graphene sample has been used as received, without any additional cleaning step, and has been stored in air for 4 months before the STM experiments. The substrates were glued onto a magnetic disk and an electric contact was made with (conductive) silver paint (Aldrich Chemicals).

The STM tips were mechanically cut from a Pt/Ir wire (90/10, diameter 0.25 mm). The images were obtained in air at room temperature. The raw STM data were processed through the application of background flattening, and in the case of the HOPG substrates in [Figs 2a,d](#f2){ref-type="fig"} and [5a](#f5){ref-type="fig"} the drift of the piezo was corrected using the underlying graphite lattice as a reference. The lattice of the underlying substrate was visualized by lowering the bias voltage *V*~t~ to 10 mV and setting the average tunneling current *I*~t~=60 pA. Tip height and current were measured for all STM images.

MD/MM and DFT calculations
--------------------------

Full details regarding the MD/MM and DFT calculations are given in [Supplementary Methods](#S1){ref-type="supplementary-material"} and in [Supplementary Table 2](#S1){ref-type="supplementary-material"}.

Data availability
-----------------

The data that support the findings of this study are available from the corresponding authors on request.
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![Cartoon of our approach.\
(**a**) MBB-1 is formed by a linear alkyl tail (sketched as a grey rod) and a photoreactive diazirine head group (red square). The latter undergoes photolysis under exposure to ultraviolet light in chloroform (CHCl~3~) solution forming different reaction products in a mixture (MBB-2) with modified head groups (blue squares). Molecular self-assembly occurs by spin-coating a solution of MBB-1 or MBB-2 on graphene\'s surface giving rise to supramolecular lattices with identical unit cell for MBB-1 and MBB-2. However, the head groups in MBB-1 and MBB-2 induce different gating effects, resulting in 1D periodic potentials with different amplitude (blue versus red) but with the same 1D periodicity. (**b**) Chemical structures of the molecules. The main reaction product obtained by ultraviolet irradiation in CHCl~3~ is shown in blue, while other products are listed in [Supplementary Figs 1--3](#S1){ref-type="supplementary-material"}. (**c**) *In situ* monitoring of the photolysis through ultraviolet--visible spectroscopy (concentration of MBB-1: 2.2 × 10^--3^ M in CHCl~3~; path length: 2 mm (quartz cell); room temperature). In particular, absorption spectra of MBB-1 (red) and MBB-2 (blue) are shown before and after ultraviolet irradiation at *λ=*365 nm for 30 min.](ncomms14767-f1){#f1}

![Scanning tunnelling microscopy images of supramolecular lattices.\
(**a**--**c**) MBB-1 (**d**--**f**) MBB-2. (**a**,**b**,**d**,**e**) Images recorded on highly oriented pyrolytic graphite, the height channel is shown; (**c**,**f**) Images recorded on graphene over SiO~2~, current channel is shown. The images were recorded by using the following tunnelling parameters: (**a**,**b**) tip voltage *V*~t~=400 mV and average tunnelling current *I*~t~=20 pA; (**c**) *V*~t~=−600 mV, *I*~t~=40 pA; (**d**,**e**) *V*~t~=400 mV, *I*~t~=40 pA; and (**f**) *V*~t~=400 mV, *I*~t~=10 pA.](ncomms14767-f2){#f2}

![Effect of supramolecular lattices onto the electrical characteristics of graphene.\
(**a**,**b**) Electrical characteristics of a clean device and of the same device after the formation of MBB-1 (**a**) and MBB-2 (**b**) supramolecular lattices. *I*~DS~ is the drain current, and *V*~GS~ is the gate potential. (**c**,**d**) Zoom of the optimized supramolecular lattice at the functional head groups for (**c**) MBB-1 and (**d**) MBB-2. In **c**,**d**, the position of the CF~3~ groups is highlighted by a black circle. Carbon atoms are shown in grey, hydrogen in white, oxygen in red, nitrogen in dark blue, fluorine in light blue and chlorine in green. As a scale reference, the distance between adjacent carbon atoms in the graphene substrate is 1.4 Å.](ncomms14767-f3){#f3}

![Periodic potentials introduced by the supramolecular lattices.\
Calculated differential electrical potential induced by a supramolecular lattice of (**a**) MBB-1 and (**b**) MBB-2 on graphene. The supramolecular lattice is superimposed for clarity. The electrical potential is periodically modulated, with negative values in the region below the molecular heads. Carbon atoms are shown in grey, hydrogen in white, nitrogen in red, fluorine in light blue and chlorine in green.](ncomms14767-f4){#f4}

![Modification of the periodic potential.\
Scanning tunnelling microscopy images of the nanoscale assembly of MBB-3 on different substrates: (**a**) on highly oriented pyrolytic graphite (height channel) and (**b**) on graphene over SiO~2~ (current channel). The images were recorded by using the following tunnelling parameters: (**a**) *V*~t~=−400 mV, *I*~t~=20 pA; (**b**) *V*~t~=600, *I*~t~=60 pA. The effect of the SL formed by MBB-3 on the electrical characteristics of a graphene device is shown in **c**. *I*~DS~ is the drain current, and *V*~GS~ is the gate potential.](ncomms14767-f5){#f5}
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